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SEMICONDUCTOR DEVICE
ACCOMMODATING SEMICONDUCTOR
MODULE WITH HEAT RADIATION
STRUCTURE

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s based on and claims the benefit of
priority from earlier Japanese Patent Application Numbers
2010-78256 filed on Mar. 30, 2010 and 2011-28680 filed on
Feb. 14, 2011 the description of which 1s incorporated herein
by reference.

BACKGROUND

1. Technical Field

The present mvention relates to a semiconductor device
including a semiconductor module in which a semiconductor
chip and a heat sink are sealed by a resin to form an integrated
structure, the semiconductor chip in which a semiconductor
power element 1s formed of which heat radiation 1s performed
by the heat sink. The present invention 1s suitably applied to
a semiconductor device including a semiconductor module
having, for example, a two-in-one structure in which two
semiconductor power elements of an upper arm (high-side
clement) and a lower arm (low-side element) are sealed 1n a
single resin sealing section.

2. Description of the Related Art

Conventionally, a semiconductor module has been dis-
closed that has a two-1n-one structure 1n which an upper arm
and a lower arm, each including a semiconductor power ele-
ment, are connected 1n series. A semiconductor module dis-
closed, for example, 1n JP-B-4192396 includes insulated-gate
bipolar transistors (IGBT) as the semiconductor power ele-
ments. The semiconductor module has a structure 1n which, 1in
cach of the upper arm and the lower arm, a heat sink 1s
disposed with a copper block therebetween on an emitter side
ol a semiconductor chip in which the IGBT 1s formed, and a
heat sink 1s disposed on a collector side thereof. The structure
1s then sealed by resin 1n a state in which each heat sink 1s
exposed from a resin sealing section.

A semiconductor module having a structure such as that
described above 1s joined to, for example, a cooling mecha-
nism having a coolant passage through which a coolant
passes. As a result, the semiconductor module can be cooled
with high cooling capability. At this time, the upper arm and
the lower arm are disposed 1n alignment on the upstream side
and the downstream side of the coolant flow in the conven-
tional semiconductor module, and thermal resistances of the
heat sinks included 1n each arm are almost the same. There-
fore, a phenomenon occurs 1n which the temperature of the
coolant increases because of heat from the semiconductor
power element disposed on the upstream side of the coolant
flow, and the cooling capability on the downstream side
becomes lower than that on the upstream side, thereby raising
the temperature of the semiconductor power element dis-
posed on the downstream side to become higher than that of
the semiconductor power element disposed on the upstream
side.

Theretfore, thermal design 1s restricted by the semiconduc-
tor power element on the downstream side 1n which tempera-
ture rise occurs. As a result, alleviation of the above-described
phenomenon and more effective cooling of the semiconduc-
tor power element disposed on the downstream side are
desired.
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2
SUMMARY

An embodiment provides a semiconductor device includ-
ing a semiconductor module 1n which semiconductor chips,
cach 1n which a semiconductor power element 1s formed, are
disposed 1 alignment upstream and downstream of a coolant
flow, the semiconductor device 1n which the rise 1n semicon-
ductor chip temperature on the downstream side to a tempera-
ture higher than that on the upstream side can be suppressed,
and the semiconductor chips disposed upstream and down-
stream can be more elffectively cooled.

As a first aspect of the embodiment, an example 1s given of
a semiconductor device that cools a semiconductor module
by a cooling mechanism, the semiconductor module in which
first and second semiconductor chips are disposed such that
respective front surfaces face opposite sides. In the semicon-
ductor device, of an upper arm and a lower arm, the arm
having a greater combined value of the thermal resistances
from the first or second semiconductor chip to the heat radi-
ating surfaces of first to third heat sinks 1s disposed on the
upstream side of a coolant flow tlowing through a coolant
passage, and the arm having the smaller combined value of
the thermal resistances 1s disposed on the downstream side.

In this way, of the upper arm and the lower arm, the arm
having the greater thermal resistance 1s positioned upstream
of the coolant flow, and the arm having the smaller thermal
resistance 1s positioned downstream of the coolant flow.
Therefore, the first and second semiconductor chips disposed
upstream and downstream can be etfectively cooled by the
rise 1 coolant temperature on the upstream side being sup-
pressed. Alternatively, even when the coolant temperature
rises on the upstream side, the first and second semiconductor
chips disposed upstream and downstream can be effectively
cooled by suificient cooling being performed on the down-
stream side based on the high cooling efficiency.

Thus, 1in the semiconductor device including the semicon-
ductor module 1n which the first and second semiconductor
chips, each 1n which a semiconductor power element 1s
formed, are disposed 1n alignment upstream and downstream
of the coolant tlow, the rise 1n semiconductor chip tempera-
ture on the downstream side to a temperature higher than that
on the upstream side can be suppressed. As a result, the first
and second semiconductor chips disposed upstream and
downstream can be more effectively cooled.

For example, when the first heat sink and the third heat sink
are of equal size 1n the array direction of the upper am and the
lower arm, and the length of the second heat sink 1s the
combined length of the first heat sink and the third heat sink
or longer, the upper arm 1s disposed on the upstream side of
the coolant flow tlowing through the coolant passage and the
lower arm 1s disposed further on the downstream side thereof.

In this instance, when the third heat sink 1s of a size longer
than the size of the first heat sink 1n the array direction of the
upper arm and the lower arm, the cooling efficiency of the
lower arm disposed further downstream of the coolant flow
can be increased. Therefore, the above-described effects can
be further effectively achieved.

On the other hand, when the first heat sink 1s of a s1ze longer
than the size of the third heat sink in the array direction of the
upper am and the lower arm, a configuration may be used in
which the lower arm 1s disposed on the upstream side of the
coolant flow flowing through the coolant passage and the
upper arm 1s disposed further on the downstream side thereof.

A Tollowing semiconductor device can be considered as
another example. A semiconductor device cools a semicon-
ductor module by a cooling mechanism, the semiconductor
module in which first and second semiconductor chips are




US 8,363,403 B2

3

disposed such that the respective front surfaces face the same
direction. Of an upper arm and a lower arm, the arm having
he greater combined value of the thermal resistances from
he first or second semiconductor chip to the heat radiating
surfaces of the first to fourth heat sinks 1s disposed on the
upstream side of the coolant flow flowing through the coolant
passage and the arm with the smaller combined value 1s
disposed on the downstream side.

In the semiconductor device 1n which the semiconductor
module 1n which the first and second semiconductor chips are
disposed such that the respective front surfaces face the same
direction 1s cooled by the cooling mechanism 1n this way as
well, effects similar to those described above can be achieved
by the arm having the larger thermal resistance, of the upper
arm and the lower arm, being disposed upstream of the cool-
ant flow, and the arm with the smaller thermal resistance
being disposed downstream of the coolant tlow.
Furthermore, a configuration may be used 1n which either

one of the first and second heat sinks on the upper arm side,
and the third and fourth heat sinks on the lower arm side 1s of
a size longer than that of the other in the array direction of the
upper arm and the lower arm, and the arm of which the size 1s
longer, of the upper arm and the lower arm, 1s disposed on the
downstream side of the coolant flow flowing through the
coolant passage and the other arm 1s disposed further on the
upstream side thereof.

Reference numbers within the parentheses of each of the
above-described means indicate correlation with specific
means described in the embodiments described hereatter.

p—t

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a circuit diagram of an mnverter 1 according to a
first embodiment of the present invention;

FIG. 2 1s a perspective view of the inverter 1 according to
the first embodiment;

FIG. 3 1s a cross-sectional view of the inverter 1 shown 1n
FIG. 2;

FI1G. 4 1s a cross-sectional view of a semiconductor module
4;

FIG. 5 1s a front view of the semiconductor module 4
shown 1n FIG. 4:

FIG. 6 1s an exploded view of the semiconductor module 4
shown 1n FIG. 4;

FI1G. 7 1s a front view of a semiconductor chip 8;

FIG. 8 1s an image diagram of thermal resistance;

FIG. 9 1s a cross-sectional view of the semiconductor mod-
ule 4 according to a second embodiment of the present inven-
tion;

FIG. 10 1s a cross-sectional view of the semiconductor
module 4 according to a third embodiment of the present
imnvention;

FIG. 11 1s a cross-sectional view of the semiconductor
module 4 according to a fourth embodiment of the present
invention;

FIG. 12 1s a cross-sectional view of the semiconductor
module 4 according to a fifth embodiment of the present
invention;

FIG. 13 1s a cross-sectional view of the semiconductor
module 4 described according to another embodiment; and

FIG. 14 1s a cross-sectional view of the semiconductor
module 4 described according to another embodiment.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The preferred embodiments of the present invention will
hereinafter be described with reference to the drawings. Same
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4

or equivalent sections 1n the embodiments below are given the
same reference numbers 1n the drawings.

First Embodiment

A first embodiment of the present mmvention will be
described. According to the first embodiment, a semiconduc-
tor device including a semiconductor module according to an
embodiment of the present invention will be described, giving
as an example an 1nverter having a cooling mechanism.

FIG. 1 1s a circuit diagram of an iverter 1. FIG. 2 1s a
perspective view of the inverter 1. FIG. 3 1s a cross-sectional
view of the mnverter 1. FIG. 3 1s equivalent to a cross-section
of the inverter 1 taken on a plane perpendicular to the up/down
direction of the surface of the paper on which FIG. 2 1s
printed.

As shown 1n FIG. 1, the inverter 1 1s used to drive, with an
alternating current, a three-phase motor 3 that 1s a load, based
on a direct-current power supply 2. The mverter 1 1s config-
ured such that serially connected upper arms and lower arms
are connected in parallel 1n three phases. An intermediate
potential of the upper arm and the lower arm 1s applied while
being sequentially switched between each phase of the three-
phase motor 3: the U-phase, the V-phase, and the W-phase.
One phase of the upper arm and the lower arm in the inverter
1 configures a single semiconductor module 4. As shown 1n
FIG. 2 and FIG. 3, the mverter 1 1s composed of three semi-
conductor modules 4 disposed within a cooling mechanism 5.

As shown in FIG. 1, each upper arm and each lower arm are
configured by an IGBT 6 serving as a semiconductor power
clement and a freewheeling diode (FWD) 7. According to the
first embodiment, the IGBT 6 and the FWD 7 are formed
within the same semiconductor chip 8 (see FIG. 3), and con-
figured such that an anode and a cathode of the FWD 7 are
clectrically connected to an emitter and a collector of the
IGBT 6. A positive terminal P, a negative terminal N, and an
output terminal O of the upper arm of each semiconductor
module 4 are provided such as to project outward from the
semiconductor module 4, as shown in FIG. 2. An anode and a
cathode of the direct-current power supply 2, and the three-
phase motor 3 are respectively connected to the positive ter-
minal P, the negative terminal N, and the output terminal O,
thereby forming the circuit configuration shown in FIG. 1.

As shown 1n FIG. 2 and FIG. 3, each semiconductor mod-
ule 4 1s plate-shaped and fixed within the cooling mechanism
5 such that the front and back surfaces thereof are sand-
wiched. The cooling mechanism 3 1s formed by a metal hav-
ing high thermal conductivity, such as aluminum, and com-
posed of a plurality of plates 5a and fins 35, a coolant supply
port 5, a coolant discharge port 5d, and the like. The plurality
of plates Sa and fins 55 are configured such that two plates 5a
and a single fin 36 form a single set. In a state 1n which the fin
5b 1s sandwiched between the two plates 5a, the plates 5q and
the fin 55 are bonded by brazing, welding, or the like, thereby
forming a coolant passage 5e through which a coolant, such
as cooling water, flows. The fin 56 1s formed having a wavy
shape in the direction perpendicular to the surface of the paper
on which FIG. 3 1s printed. As a result of the peak and valley
portions of the wavy {in 556 coming 1nto contact with the two
plates 5a sandwiching the fin 55, a plurality of coolant pas-
sages e are formed extending 1n the left/right directions of
the surface of the paper on which FIG. 3 1s printed.

A communicating hole i1s formed 1n the portion of each
plate 5q and fin 56 where the coolant supply port 3¢ and the
coolant discharge port 54 intersect. Each coolant passage Se
tormed by each plate 5aq and fin 36 1s connected by the coolant
supply port 5S¢ and the coolant discharge port 3d. Therefore,



US 8,363,403 B2

S

the coolant that 1s supplied from the coolant supply port 5¢
passes through each coolant passage 3¢ as shown by the
arrows 1n FIG. 2, and 1s discharged through the coolant dis-
charge port 5d.

A space 1s provided between each set composed of the two
plates Sa and the single fin 56 1n the cooling mechanism 3
configured as described above. A semiconductor module 4 1s
sandwiched within the space and fixed by an msulating mem-
ber or the like. As a result, the inverter 1 1s configured having,
three semiconductor modules 4, or 1n other words, a number
of semiconductor modules 4 equivalent to three phases.

Next, a detailed structure of the semiconductor module 4
included in the mverter 1 configured as described above will
be described. FIG. 4 to FIG. 6 are diagrams of the semicon-
ductor module 4, 1n which FIG. 4 1s a cross-sectional view,
FIG. 5 1s a front view, and FIG. 6 1s an exploded view. FIG. 4
1s equivalent to a cross-section taken along line A-A' 1in FIG.
5.

As shown in FIG. 4 to FIG. 6, the semiconductor module 4
includes the semiconductor chip 8, a copper block 9, a heat
sink 10, a gate terminal 11, and the like, which are resin-
sealed by a resin sealing section 12 as shown 1n FIG. 4, and
thereby forming an 1ntegrated structure.

The semiconductor module 4 includes two semiconductor
chips 8, of which one 1s an upper-arm semiconductor chip 8a,
and the other 1s a lower-arm semiconductor chip 86. Both
semiconductor chips 8a and 85 have the same structure 1n
which the IGBT 6 and the FWD 7 are formed. The IGBT 6
and the FWD 7 formed 1n each semiconductor chip 8a and 85
are configured as vertical elements that send a current in the
vertical direction of the substrate.

FI1G. 7 1s a front view of the semiconductor chip 8. On the
front surface side of the semiconductor chip 8, a pad 8c that 1s
clectrically connected to the emitter of the IGBT 6 and the
anode of the FWD 7 and a pad 8d that 1s connected to the gate
of the IGBT 6 are formed. The center area of the semicon-
ductor chip 8 in which the pad 8¢ 1s formed 1s an active area
through which a high current generated when the IGBT 6 1s
turned ON flows, or a backtlow current flows via the FWD 7.
The periphery of the active area 1s an outer peripheral area that
includes a pressure resistant structure, such as guard ring. The
pad 84 connected to the gate 1s disposed such as to be led out

to the outer peripheral area side. On the other hand, a pad (not
shown) electrically connected to the collector of the IGBT 6
and the cathode of the FWD 7 1s formed on the overall back
surface on the back surface side of the semiconductor chip 8.

As shown, for example, 1n FIG. 7, the semiconductor chip
8 such as that described above has a dimension of 12.8
mmx12.8 mm, and the active area 1s 10.7 mmx11.4 mm. In
the outer peripheral area surrounding the active area on four
sides, the width of the side on which the pad 84 1s formed 1s
1.4 mm, and the widths of the other sides on which the pad 84
1s not formed are 0.7 mm.

The copper block 9 1s equivalent to a metal block. The
semiconductor module 4 includes two copper blocks 9. One
copper block 9a 1s connected to the emaitter of the IGBT 6 and
the anode of the FWD 7 1n the semiconductor chip 8a of the
upper arm, and the other copper block 956 1s connected to the
emitter of the IGBT 6 and the anode of the FWD 7 1n the
semiconductor chip 86 of the lower arm. The copper block 9
1s formed having the same area as the active area of the
semiconductor chip 8, or in other words, the same size as the
pad 8¢, and 1s connected to the pad 8c by solder or the like (not
shown). Therefore, the copper block 9 1s of a size slightly
smaller than that of the semiconductor chip 8. Specifically,

10

15

20

25

30

35

40

45

50

55

60

65

6

the surtace of the copper block 9 facing the semiconductor
chip 8 15 10.7 mmx11.4 mm. The thickness of the copper
block 9 1s 1.7 mm.

The heat sink 10 1s composed of a metal having high
thermal conductivity, such as copper, and serves to transmit
heat generated by the semiconductor chip 8 and serves as a
current path for the IGBT 6 and the FWD 7 formed 1n the
semiconductor chip 8. According to the first embodiment,
three heat sinks 10a to 10c¢ are included as the heat sink 10.
The heat sink 10a 1s connected to the collector of the IGBT 6
and the cathode of the FWD 7 1n the semiconductor chip 8a of
the upper arm by solder or the like, and includes the positive
terminal P. The heat sink 104 1s connected to the copper block
9a of the upper arm, and the collector of the IGBT 6 and the
cathode of the FWD 7 1n the semiconductor chip 856 of the
lower arm by solder or the like, and includes the output
terminal O. The heat sink 10¢1s connected to the copper block
96 of the lower arm by solder or the like, and includes the
negative terminal N.

The heat sink 10a 15 configured by a square plate, on one
side of which the positive terminal P 1s formed such as to
project outwards. The heat sink 10c¢ 1s also configured by a
square plate, on one side of which the negative terminal N 1s
formed such as to project outwards. The heat sink 10a and the
heat sink 10c¢ are formed having the same size and the same
thickness. The centers of the semiconductor chip 8a and the
copper block 95 are positioned 1n the centers of the heat sink
104 and the heat sink 10¢, and bonded thereto. The heat sink
105 has a rectangular shape, on one side of which the output
terminal O 1s formed such as to project outwards. The heat
sink 105 1s formed longer than the combined length of the
heat sink 10a and the heat sink 10¢ 1n the left/right directions
of the surface of the paper on which FIG. 4 1s printed. In
addition, the length of the heat sink 105 1n the direction
perpendicular to the surface of the paper on which FIG. 4 1s
printed 1s equal to those of the heat sinks 10a and 10c. The
thickness of the heat sink 105 1s the same as those of the heat
sinks 10aq and 10c.

As shown in FIG. 5 and FIG. 6, the gate terminal 11
includes a gate terminal 11q for the upper arm and a gate
terminal 115 for the lower arm, each of which are composed
of a plurality of terminals. Each gate terminal 11a and 115 1s
connected to the pad 84 by a bonding wire (not shown),
thereby being respectively electrically connected to the gate
of the IGBT 6 1n the semiconductor chip 8a of the upper arm
and the gate of the IGBT 6 1n the semiconductor chip 86 of the
lower arm.

Each section configured as described above 1s disposed
sequentially on the heat sink 105, as shown 1n FI1G. 6. In other
words, on the upper arm side, the copper block 94, the semi-
conductor chip 8a, and the heat sink 10aq are sequentially
stacked and bonded on the heat sink 1056. On the lower arm
side, the semiconductor chip 85, the copper block 95, and the
heat sink 10c¢ are sequentially stacked and bonded on the heat
sink 106. The gate terminals 11a and 115 that are integrated
by being fixed to a frame (not shown) or the like, are disposed
such as to be spaced a predetermined distance away from the
surface of the heat sink 105. The pad 84 of each semiconduc-
tor chip 8a and 86 and the respective gate terminals 11a and
115 are wire-bonded. In a state 1n which each section 1s
disposed 1nthis way, the structure 1s set 1n a forming mold (not
shown) or the like, and 1s resin-sealed by the resin sealing
section 12. The heat radiating surfaces of the heat sinks 10a
and 10c¢ are exposed on the front surface of the semiconductor
module 4, by one surface of the resin sealing section 12 and
the heat radiating surfaces of the heat sinks 10a and 10¢ being
flush with one another. On the back surface of the semicon-
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ductor module 4 as well, the heat radiating surface of the heat
sink 105 1s exposed, by one surface of the resin sealing section
12 and the heat radiating surface of the heat sink 105 being
flush with each other. The positive terminal P, the negative
terminal N, and the output terminal O are led out from one
side surface of the resin sealing section 12, and the gate
terminals 11a and 115 are lead out from a side surface on the
side opposite to the one side surface. The semiconductor
module 4 1s configured as described above. As shown 1n FIG.
3 and FIG. 4, the semiconductor module 4 configured 1n this
manner 1s assembled to the cooling mechanism 5 such that the
upper arm 1s disposed on the upstream side and the lower arm
1s disposed on the downstream side of the coolant flow 1n the
cooling mechanism 5.

In the semiconductor module 4 configured as described
above, the positive terminal P 1s connected to a positive elec-
trode of the direct-current power supply 2, the output terminal
O 1s connected to the three-phase motor 3, and the negative
terminal N 1s connected to a negative electrode of the direct-
current power supply 2. A current supplying path to the three-
phase motor 3 1s formed by an operation, 1n which the IGBT
6 of the upper arm of one phase 1s turned ON and the IGBT 6
of the lower arm of another phase 1s turned OFF, being repeat-
edly performed in sequence based on the gate voltage applied
to the gate of the IGBT 6. An alternating-current 1s thereby
supplied to the three-phase motor 3. Specifically, as a result of
the IGBT 6 of the upper arm being turned ON, a path 1s
configured that supplies a current to the three-phase motor 3
from the positive terminal P via the heat sink 10a, the semi-
conductor chip 8a, the copper block 94, the heat sink 105, and
the output terminal O. Furthermore, as a result of the IGBT 6
of the lower arm being turned ON, a path 1s configured that
supplies a current from the three phase motor 3, from the
output terminal O via the heat sink 106, the semiconductor
chup 85, the copper block 9b, the heat sink 105, and the
negative terminal N. When an operation such as this 1s per-
formed, each semiconductor chip 8a and 85 within the semi-
conductor module 4 generates heat 1n accompaniment with
the flow of a high current to the IGBT 6 and the FWD 7.
However, because the heat 1s radiated through the heat sinks
10a to 10¢ and cooled by the cooling mechanism 5, excessive
temperature rise 1n the semiconductor chips 8a and 85 can be
suppressed.

Next, operation effects of the semiconductor module 4 and
the mverter 1 including the semiconductor module 4 config-
ured as according to the first embodiment will be described.

In the semiconductor module 4 according to the first
embodiment, when the semiconductor chips 8a and 85 gen-
crate heat, the heat 1s radiated through the heat radiating
surfaces of the heat sink 10a and the heat sink 1056 on the
collector side of the IGBT 6 and the cathode side of the FWD
7, and the heat 1s radiated through the heat radiating surfaces
of the heat sink 10¢ and the heat sink 105 on the emitter side
of the IGBT6 and the anode side of the FWD 7.

During heat radiation, according to the first embodiment,
regarding respective thermal resistances of the upper arm and
the lower arm, namely a combined value of the thermal resis-
tances from each semiconductor chip 8a and 8b to the heat
radiating surfaces of the heat sinks 10a to 10¢, the thermal
resistance 1s greater i the upper arm disposed on the
upstream side of the coolant flow than 1n the lower arm
disposed on the downstream side. The concept behind the
thermal resistances of the upper arm and the lower arm will be
described with reference to an image diagram of thermal
resistance shown in FIG. 8.

As described above, according to the first embodiment, the
heat generated by the semiconductor chip 8a is transmitted to
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the heat sink 10a and released from the heat radiating surface
of the heat sink 10q. In addition, the heat 1s transmaitted to the
heat sink 105 through the copper block 9a, and released from
the heat radiating surface of the heat sink 105. The heat
generated 1n the semiconductor chip 86 1s transmitted to the

heat sink 1056 and released from the heat radiating surface of
the heat sink 104. In addition, the heat 1s transmitted to the
heat sink 10c¢ through the copper block 95, and released from
the heat radiating surface of the heat sink 10c.

Theretore, as shown in FIG. 8, when the thermal resistance
of the path from the semiconductor chip 8a through the heat
sink 10q to the heat radiating surface 1s R11 and the thermal
resistance of the path from the semiconductor chip 8a through
the copper block 9a and the heat sink 105 to the heat radiating
surface 1s R12, the thermal resistance R1 of the upper arm that
1s the upstream side of the coolant flow 1s a combined value of
the thermal resistances R11 and R12 of the respective paths.
Furthermore, when the thermal resistance of the path from the
semiconductor chip 86 through the heat sink 105 to the heat
radiating surface 1s R21 and the thermal resistance of the path
from the semiconductor chip 86 through the copper block 95
and the heat sink 10c¢ to the heat radiating surface 1s R22, the
thermal resistance R2 of the lower arm that 1s the downstream
side of the coolant tlow 1s a combined value of the thermal
resistances R21 and R22 of the respective paths. In other
words, the thermal resistances R1 and R2 are expressed by the
following expressions.

R1=R11-R12/(R11+R12) (Expression 1)

R2=R21-R22/(R21+R22) (Expression 2)

A structure 1s formed 1n which a relationship R1>R2 1s
established regarding the thermal resistance R1 of the upper

arm and the thermal resistance R2 of the lower arm expressed
as described above.

Specifically, the thermal resistances R11, R12, R21, and
R22 are dependent on the respective areas of the heat sinks
10a to 10c, and the respective widths of thermal diffusion
within the heat sinks 10a to 10¢c. Compared to the sum of the
s1ze of the heat radiating surface of the heat sink 104 and the
s1ze of the heat radiating surface of the heat sink 10¢ exposed
on one surface side of the semiconductor module 4, the size of
the heat radiating surface of the heat sink 105 1s greater.
Furthermore, the thermal diffusion from the semiconductor
chip 85 on the lower arm side 1s wider than the thermal
diffusion from the copper block 9 on the upper arm side
within the heat sink 105. Theretfore, the thermal resistance on
the lower arm side 1s smaller than that on the upper arm side.

In other words, the thermal diffusion can be considered to
be 45 degrees, as indicated by the broken lines 1 FIG. 4.
Theretore, the thermal diffusion of the heat sink 104 on the
upper arm side directly bonded to the semiconductor chip 8a
and the thermal diffusion of the lower arm side portion of the
heat sink 105 directly bonded to the semiconductor chip 856
are equal, and the thermal diffusion of the upper arm side
portion of the heat sink 105 bonded to the copper block 9a and
the heat sink 10¢ on the lower arm side bonded to the copper
block 94 are equal. A boundary between the portion of the
heat sink 105 contributing to radiation of heat transmitted
from the copper block 9a on the upper arm side and the
portion of the heat sink 106 contributing to radiation of heat
transmitted from the semiconductor chip 85 on the lower arm
side serves as an mtermediate position between the thermal
diffusion on the upper arm side and the thermal diffusion on
the lower arm side. Theretfore, the area of the portion of the
heat sink 105 contributing to radiation of heat transmitted
from the semiconductor chip 85 on the lower arm side
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becomes greater than the area of the portion of the heat sink
106 contributing to radiation of heat transmitted from the
semiconductor chip 8a on the upper arm side. As a result, the
thermal resistance R21 of the path from the semiconductor
chip 85 of the lower arm to the heat radiating surface of the
heat sink 1056 becomes smaller than the thermal resistance
R11 from the semiconductor chip 8a of the upper arm to the
heat radiating surface of the heat sink 10a, and the thermal
resistance R2 of the lower arm becomes smaller than the
thermal resistance R1 of the upper arm.

Therefore, according to the present embodiment, as
described above, the semiconductor module 4 1s assembled to
the cooling mechanism 5 such that the upper arm having the
larger thermal resistance 1s disposed on the upstream side of
the coolant flow 1n the cooling mechanism 5, and the lower
arm having the smaller thermal resistance 1s disposed on the
downstream side.

As aresult of the lower arm side having the smaller thermal
resistance being positioned on the downstream side of the
coolant tlow 1n this way, cooling efliciency of the lower arm
positioned on the downstream side of the coolant flow can be
made higher than that of the upper arm positioned on the
upstream side. As a result, rise 1n coolant temperature on the
upstream side can be suppressed, and the first semiconductor
chip 8a disposed upstream and the second semiconductor
chip 86 disposed downstream can be eflectively cooled.
Alternatively, even when the coolant temperature on the
upstream side increases, the first semiconductor chip 8a dis-
posed upstream and the second semiconductor chip 85 dis-
posed downstream can be effectively cooled by sufficient
cooling being performed on the downstream side based on the
high cooling efficiency.

Theretfore, 1n the semiconductor module 4 1n which the
semiconductor chips 8a and 85, each in which the IGBT 6 that
1s a semiconductor power element 1s formed, are disposed 1n
alignment upstream and downstream of the coolant flow, the
rise 1n semiconductor chip temperature on the downstream
side to a temperature higher than that on the upstream side can
be suppressed. As a result, the semiconductor chips 8a and 856
disposed upstream and downstream can be effectively cooled.

In addition, because the above-described effects can be
achieved, thermal design 1s no longer restricted by the semi-
conductor chip 86 on the downstream side. Therefore,
although waste (excessiveness) may occur in the heat-resis-
tance design of the other semiconductor chip 8a when the
thermal design of one semiconductor chip 856 1s restricted
because semiconductor chips that are basically the same are
used for the semiconductor chips 8a and 85, 1ssues such as
this can be prevented.

Second Embodiment

A second embodiment of the present invention will be
described. According to the second embodiment, the struc-
ture of the semiconductor module 4 1s changed from that
according to the first embodiment. Other aspects are similar
to those according to the first embodiment and, therefore,
only sections that differ will be described.

FI1G. 9 1s a cross-sectional view of the semiconductor mod-
ule 4 according to the second embodiment. As shown in FIG.
9, the semiconductor module 4 according to the second
embodiment basically has a similar structure as that accord-
ing to first embodiment, aside from the sizes of the heat sinks
10a and 10c¢ being changed from those according to the first
embodiment. Specifically, the size of the heat sink 10c¢ 1s

5

10

15

20

25

30

35

40

45

50

55

60

65

10

greater than the size of the heat sink 10a¢ 1n the left/nght
direction of the surface of the paper on which FIG. 9 1s
printed.

As aresult of a structure such as this, the thermal resistance
R2 of the lower arm disposed further downstream of the
coolant flow becomes smaller than the thermal resistance R1
of the upper arm, thereby enabling the cooling efficiency of
the lower arm to be increased. As a result, the effects accord-
ing to the first embodiment can be more effectively achueved.

Third Embodiment

A third embodiment of the present mmvention will be
described. According to the third embodiment, the structure
of the semiconductor module 4 1s changed from that accord-
ing to the first embodiment. Other aspects are similar to those
according to the first embodiment and, therefore, only sec-
tions that differ will be described.

FIG. 10 1s a cross-sectional view of the semiconductor
module 4 according to the third embodiment. As shown in
FIG. 10, the semiconductor module 4 according to the third
embodiment basically has a similar structure as that accord-
ing to first embodiment, aside from the semiconductor mod-
ule 4 being assembled 1n the cooling mechanism 3 such that
the lower arm 1s disposed on the upstream side of the coolant
flow 1n the cooling mechanism 5 and the upper arm 1s dis-
posed on the downstream side. The width of the heat sink 10a
of the upper arm becomes wider compared to that of the heat
sink 106 of the lower arm disposed on the upper stream side,
in the left/rnght direction of the surface of the paper on which
FIG. 10 1s printed.

As aresult of the respective sizes of the heat sink 10a to 10c¢
being set as described above, the thermal resistance R11 of
the path from the semiconductor chip 8a through the heat sink
10a to the heat radiating surface becomes smaller than the
thermal resistance R22 of the path from the semiconductor

chip 86 through the copper block 96 and the heat sink 10c¢ to

the heat radiating surface. Therelore, even when the thermal
resistance R22 of the path from the semiconductor chip 856
through the copper block 95 and the heat sink 10c¢ to the heat
radiating surface 1s smaller than the thermal resistance R12 of
the path from the semiconductor chip 8a through the copper
block 9a and the heat sink 106 to the heat radiating surface,
the thermal resistance R1 of the upper arm can be made
smaller than the thermal resistance R2 of the lower arm.

Therefore, the upper arm side having the smaller thermal
resistance can be positioned downstream, and the cooling
elficiency ol the upper arm positioned on the downstream side
can be made higher than that of the lower arm positioned on
the upstream side. As a result, rise 1n coolant temperature on
the upstream side can be suppressed, and the first semicon-
ductor chip 8a disposed downstream and the second semi-
conductor chip 85 disposed upstream can be eflectively
cooled. Alternatively, even when the coolant temperature on
the upstream side increases, the first semiconductor chip 8a
disposed downstream and the second semiconductor chip 85
disposed upstream can be eflectively cooled by suificient
cooling being performed on the downstream side based onthe
high cooling efficiency.

Therefore, 1n the semiconductor module 4 1n which the
semiconductor chips 8a and 85, each in which the IGBT 6 that
1s a semiconductor power element 1s formed, are disposed 1n
alignment downstream and upstream of the coolant flow, the
rise 1n semiconductor chip temperature on the downstream
side to a temperature higher than that on the upstream side can
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be suppressed. As a result, the semiconductor chips 8a and 85
disposed downstream and upstream can be effectively cooled.

Fourth Embodiment

A fourth embodiment of the present invention will be
described. According to the fourth embodiment, the structure
of the semiconductor module 4 1s changed from that accord-
ing to the first embodiment. Other aspects are similar to those
according to the first embodiment and, therefore, only sec-
tions that differ will be described.

FIG. 11 1s a cross-sectional view of the semiconductor
module 4 according to the fourth embodiment. As shown in
FIG. 11, although the semiconductor module 4 according to
the fourth embodiment also has a two-1n-one structure, the
structure 1s that in which the front surface of the semiconduc-
tor chip 8a in the upper arm and the front surface of the
semiconductor chip 85 1n the lower arm face the same direc-
tion.

In the semiconductor module 4 according to the fourth
embodiment, the emitter of the IGBT 6 and the anode of the
FWD 7 of the semiconductor chip 8a i1n the upper arm are
connected to a heat sink 104 via the copper block 9a, and the
collector of the IGBT 6 and the cathode of the FWD 7 of the
semiconductor chip 8a are connected to a heat sink 10e. In
addition, the emitter of the IGBT 6 and the anode of the FWD
7 of the semiconductor chip 85 are connected to a heat sink
10/ via the copper block 95, and the collector of the IGBT 6
and the cathode of the FWD 7 of the semiconductor chip 856
are connected to a heat sink 10g. The surface of each heat sink
104 to 10g on the side opposite to the first and second semi-
conductor chips 8a and 86 1s exposed from the resin sealing
section 12, and the heat sink 104 and the heat sink 10g are
clectrically connected by a connection wire 13 within the
resin sealing section 12. The connection of the connection
wire 13 with the heat sink 104 and the heat sink 10g 1s
performed by welding, soldering, or the like.

In a configuration such as that described above, 1n which
the semiconductor module 4 1n which the first and second
semiconductor chips 8a and 86 are disposed such that the
front surfaces face the same direction i1s cooled by the cooling
mechanism 5, the upper arm 1s disposed on the upstream side
of the coolant flow and the lower arm 1s disposed on the

downstream side. In addition, the sizes of the heat sinks 10f

and 10g on the lower arm side are larger than the sizes of the
heat sinks 104 and 10e on the upper arm side, in the left/right
directions of the surface of the paper on which FIG. 11 1s
printed.

Even 1n a structure such as this, the arm having the greater
thermal resistance of the upper and lower arms can be posi-
tioned upstream of the coolant flow, and the arm having the

smaller thermal resistance can be positioned downstream of

the coolant flow. Therefore, the cooling efliciency of the
semiconductor chip 85 on the lower arm side disposed down-
stream of the coolant flow can be made higher than that of the
semiconductor chip 8a on the upper arm side disposed
upstream. As a result, effects similar to those according to the
first embodiment can be achieved.

Fitth Embodiment

A fifth embodiment of the present mvention will be

described. According to the fifth embodiment, the structure of

the semiconductor module 4 1s changed from that according,
to the first embodiment. Other aspects are similar to those
according to the first embodiment and, therefore, only sec-
tions that differ will be described.
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FIG. 12 1s a cross-sectional view of the semiconductor
module 4 according to the fifth embodiment. As shown in

FIG. 12, in a manner similar to that according to the fourth
embodiment, the semiconductor module 4 according to the
fifth embodiment has a structure 1n which the front surface of
the semiconductor chip 8a 1n the upper arm and the front
surface of the semiconductor chip 85 in the lower arm face the
same direction. However, according to the fifth embodiment,
the lower arm 1s disposed on the upstream side of the coolant
flow and the upper arm 1s disposed on the downstream side of
the coolant flow. In addition, the sizes of the heat sinks 10d
and 10e on the upper arm side 1s larger than the sizes of the
heat sinks 10/ and 10g on the lower arm side, in the left/right
direction of the surface of the paper on which FIG. 12 1s
printed.

Even 1n a structure such as this, the arm having the greater
thermal resistance of the upper and lower arms can be posi-
tioned upstream of the coolant flow, and the arm having the
smaller thermal resistance can be positioned downstream of
the coolant tlow. Therefore, the cooling efficiency of the
semiconductor chip 85 on the lower arm side disposed
upstream of the coolant flow can be made higher than that of
the semiconductor chip 8a on the upper arm side disposed
downstream. As a result, effects similar to those according to
the first embodiment can be achieved.

Other Embodiments

According to the above-described fourth and fifth embodi-
ments, a structure 1s described 1n which the heat sink 104 and
the heat sink 10g within the resin sealing section 12 are
clectrically connected by the connection wire 13. However,
the heat sink 104 and the heat sink 10g are not necessarily
required to be electrically connected within the resin sealing
section 12. As shown 1n FI1G. 13, a structure may be formed 1n
which a structure in which the semiconductor chip 8a and the
copper block 9a are disposed between the heat sinks 104 and
10e configuring the upper arm and a structure in which the
semiconductor chip 85 and the copper block 956 are disposed
between the heat sinks 10/ and 10g configuring the lower arm
are stmply integrated by the resin sealing section 12. In this
instance, the connection can be achieved, for example, as a
result of each output terminal O being projected outside of the
resin sealing section 12 from the heat sink 104 and the heat
sink 10g. In FIG. 13, 1n a manner similar to that according to
the fourth embodiment, a structure 1s shown 1n which the
upper arm with the greater thermal resistance 1s disposed on
the upstream side of the coolant tlow, and the lower arm with
the smaller thermal resistance 1s disposed on the downstream
side of the coolant flow. However, 1n a manner similar to that
according to the fitth embodiment, a structure may be formed
in which the lower arm with the greater thermal resistance 1s
disposed on the upstream side of the coolant tlow, and the
upper arm with the smaller thermal resistance 1s disposed on
the downstream side of the coolant tlow.

According to each of the above-described embodiments, a
relationship 1n which the thermal resistance of the arm dis-
posed on the upstream side of the coolant flow 1s smaller than
the thermal resistance of the arm disposed on the downstream
side of the coolant flow 1s satisfied based on the dimensions of
the heat sinks 10a to 10g. However, the resistance R1 of the
upper arm and the resistance R2 of the lower arm are merely
required to satisiy the relationship, and the relationship 1s not
necessary required to be satisfied based on the dimensions of
the heat sinks 10a to 10g.

FIG. 14 1s a cross-sectional view of a structure in which the
front surface of the semiconductor chip 8a 1n the upper arm
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and the front surface of the semiconductor chip 86 1n the
lower arm face the same direction, 1n an instance 1n which the
dimensions of the heat sinks 104 to 10g are equal, and the
thermal resistance R1 of the upper arm 1s greater than the
thermal resistance R2 of the lower arm. As shown 1in FIG. 14,
although the dimensions, namely respective widths and thick-
ness, of the heat sinks 104 to 10g are equal, the maternial used
to form the heat sinks 104 and 10e of the upper arm and the
material used to form the heat sinks 10f and 10g differ. As a
result of a different material being used for the heat sinks 10d
and 10e, such as the matenal of the heat sinks 10f and 10g of
the lower arm positioned on the downstream side of the cool-
ant flow having higher thermal conductivity than that of the
heat sinks 104 and 10e of the upper arm positioned on the
upstream side, the thermal resistance R1 of the upper arm can
be made greater than the thermal resistance R2 of the lower
arm.

Even when the same material 1s used for the heat sinks 10d
to 10g and the respective widths are equal, the relationship in
which the thermal resistance of the arm disposed on the
upstream side of the coolant tlow 1s smaller than the thermal
resistance of the arm disposed on the downstream side can be
satisfied by the thicknesses of the heat sinks 104 to 10¢g being
changed.

According to the above-described embodiments, the
iverter 1 that drives the three-phase motor 3 i1s described.
However, the semiconductor device 1s not limited to the
inverter 1, and the semiconductor module 4 according to the
first to fifth embodiments can be applied to any semiconduc-
tor device, as long as the semiconductor device can include
the semiconductor module 4. For example, the semiconduc-
tor module 4 according to the first to fifth embodiments can be
applied to a converter or the like.

In addition, according to the above-described embodi-
ments, a configuration 1s described in which the IGBT 6 and
the FWD 7 are integrally formed 1n the semiconductor chip 8.

However, the present invention can also be applied to a struc-
ture in which the IGBT 6 and the FWD 7 are individual chips.
Furthermore, although a structure in which the copper blocks
9a and 95 are separate units from the heat sinks 105, 10¢, 104,
and 107 1s described, a structure may be used 1n which these
components are itegrated.

Moreover, the IGBT 1s described as an example of the
semiconductor power element. However, the present inven-
tion can also be applied to when other elements, such as a

power metal-oxide-semiconductor field-effect transistor
(MOSFET), 1s used.

What is claimed 1s:

1. A semiconductor device comprising:

a semiconductor module including

a first semiconductor chip configuring an upper arm and a
second semiconductor chip configuring a lower arm,
cach having a front surface side and a back surface side,
and each in which a semiconductor power element 1s
formed,

a first heat sink disposed on the back surface side of the first
semiconductor chip,

a second heat sink disposed on the front surface side of the
first semiconductor chip and the back surface side of the
second semiconductor chip,

a third heat sink disposed on the front surface side of the
second semiconductor chip, and

a resin sealing section that seals the first and second semi-
conductor chips and the first to third heat sinks, in which
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the surfaces of the first to third heat sinks on the side
opposite of the first and second semiconductor chips
serve as heat radiating surfaces and are exposed from the
resin sealing section; and

a cooling mechanism including a coolant passage through
which a coolant flows, that comes 1nto contact with the

heat radiating surfaces of the first to third heat sinks
exposed from the resin sealing section by sandwiching,
the semiconductor module, and cools the first and sec-
ond semiconductor chips included in the semiconductor
module, wherein

of the upper arm and the lower arm, the arm with a greater
combined value of thermal resistances from the first or
second semiconductor chip to the heat radiating surfaces
of the first to third heat sinks 1s disposed on an upstream
side of the coolant flow flowing through the coolant
passage, and the arm with the smaller combined value of
the thermal resistances 1s disposed on a downstream
side.

2. The semiconductor device according to claim 1,

wherein:

the first semiconductor chip has a first metal block formed
on the front surface side thereof, the first metal block
being of a size smaller than that of the first semiconduc-
tor chip and being bonded to an active area of the first
semiconductor chip through which a current of the first
semiconductor chip flows, and the second heat sink 1s
disposed on the side of the first metal block opposite to
the first semiconductor chip; and

the second semiconductor chip has a second metal block
formed on the front surface side thereof, the second
metal block being of a size smaller than that of the
second semiconductor chip and being bonded to an
active area of the second semiconductor chip through
which a current of the first semiconductor chip flows,
and the third heat sink 1s disposed on the side of the
second metal block opposite to the second semiconduc-
tor chip.

3. The semiconductor device according to claim 1,

wherein;

the first heat sink and the third heat sink are of equal size 1n

an array direction of the upper arm and the lower arm,

and a length of the second heat sink 1s longer than a
combined length of the first heat sink and the third heat

sink; and

the upper arm 1s disposed on the upstream side of the
coolant flow tlowing through the coolant passage and the
lower arm 1s disposed further downstream from the
upper arm.

4. The semiconductor device according to claim 2,

wherein;:

the first heat sink and the third heat sink are of equal si1ze 1n

an array direction of the upper arm and the lower arm,

and a length of the second heat sink 1s longer than a
combined length of the first heat sink and the third heat

sink; and

the upper arm 1s disposed on the upstream side of the
coolant flow tlowing through the coolant passage and the
lower arm 1s disposed further downstream from the
upper arm.

5. The semiconductor device according to claim 3, wherein
the third heat sink 1s of a size longer than the size of the first
heat sink in an array direction of the upper arm and the lower
arm.

6. The semiconductor device according to claim 1,
wherein:
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the first heat sink 1s of a size longer than the size of the third
heat sink 1n an array direction of the upper arm and the
lower arm; and

the lower arm 1s disposed on an upstream side of the cool-
ant flow flowing through the coolant passage, and the
upper arm 1s disposed further downstream from the
lower arm.

7. The semiconductor device according to claim 2,

wherein:

the first heat sink 1s of a s1ze longer than the size of the third
heat sink 1n an array direction of the upper arm and the
lower arm; and

the lower arm 1s disposed on an upstream side of the cool-
ant flow flowing through the coolant passage, and the
upper arm 1s disposed further downstream from the
lower arm.

8. A semiconductor device comprising:

a semiconductor module including

a first semiconductor chip configuring an upper arm and a
second semiconductor chip configuring a lower arm,
cach having a front surface side and a back surface side,

and each 1n which a semiconductor power element 1s formed,

a first heat sink disposed on the front surface side of the first
semiconductor chip,

a second heat sink disposed on the back surface side of the
first semiconductor chip,

a third heat sink disposed on the front surface side of the
second semiconductor chip,

a Tourth heat sink disposed on the back surtace side of the
second semiconductor chip, and

a resin sealing section that seals the first and second semi-
conductor chips and the first to fourth heat sinks, 1n
which

the surfaces of the first to fourth heat sinks on the side
opposite of the first and second semiconductor chips
serve as heat radiating surfaces and are exposed from the
resin sealing section; and

a cooling mechanism including a coolant passage through
which a coolant flows, that comes 1nto contact with the
heat radiating surfaces of the first to fourth heat sinks
exposed from the resin sealing section by sandwiching
the semiconductor module, and cools the first and sec-
ond semiconductor chips included 1n the semiconductor
module, wherein

of the upper arm and the lower arm, the arm with a greater
combined value of thermal resistances from the first or
second semiconductor chips to the heat radiating sur-
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faces of the first to fourth heat sinks 1s disposed on an
upstream side of the coolant flow flowing through the
coolant passage, and the arm with the smaller combined
value of the thermal resistances 1s disposed on a down-
stream side.
9. The semiconductor device according to claim 8,
wherein:
the first semiconductor chip has a first metal block formed
on the front surface side thereof
the first metal block being of a size smaller than that of the first
semiconductor chip and being bonded to an active area of the
first semiconductor chip through which a current of the semi-
conductor power element flows, and the first heat sink 1s
disposed on the side of the first metal block opposite to the
first semiconductor chip; and
the second semiconductor chip has a second metal block
formed on a front surface side thereot, the second metal
block being of a size smaller than that of the second
semiconductor chip and being bonded to an active area
of the second semiconductor chip through which a cur-
rent of the semiconductor power element flows, and the
third heat sink 1s disposed on the side of the second metal
block opposite to the second semiconductor chip.
10. The semiconductor device according to claim 8,
wherein;:
either one of the first heat sink and the second heat sink on
the upper arm side, and the third heat sink and the fourth
heat sink on the lower arm side 1s of a size longer than
that of the other in an array direction of the upper arm
and the lower arm; and
of the upper arm and the lower arm, the arm having the
longer size 1s disposed on the downstream side of the
coolant flow flowing through the coolant passage, and
the other arm 1s disposed turther upstream thereof.
11. The semiconductor device according to claim 9,
wherein;:
either one of the first heat sink and the second heat sink on
the upper arm side, and the third heat sink and the fourth
heat sink on the lower arm side 1s of a size longer than
that of the other in an array direction of the upper arm
and the lower arm; and
of the upper arm and the lower arm, the arm having the
longer size 1s disposed on the downstream side of the
coolant flow flowing through the coolant passage, and
the other arm 1s disposed turther upstream thereof.
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